Lipid peroxidation has been found decreased in several hepatomas. The decline has been shown already at the level of preneoplastic nodules obtained after DEN treatment of rats. A substantial exception is represented by the hepatoma cell line MH,CI, deriving from a slightly deviated Moms tumor. Most of the described experiments estimated lipid peroxidation levels in terms of malonaldehyde production by the thiobarbituric acid test. It is now clear that this test does not account for several other aldehydes produced during lipid peroxidation. We now investigated by high performance liquid chromatography (HPLC) the whole range of non-polar aldehydes produced by tumor homogenates and by preneoplastic nodules both in basal conditions and after stimulation with ADP-iron or ascorbate. It was reduced in the preneoplastic nodules as well as in the DEN-induced hepatoma. The susceptibility to the prooxidant effect of ADP-iron or ascorbate was strongly decreased in all hepatomas as well as in preneoplastic nodules. It has been recently published that hepatoma cells are more susceptible than normal liver to the toxic action of aldehydes. This was attributed at least in part to the decreased activity ofaldehyde dehydrogenases, as well as to their dimerent distribution in tumor cells. A deeper study on aldehyde metabolism in hepatomas has shown that alcohol dehydrogenasc and NADPH-aldehyde reductasc also are markedly decreased in Yoshida hepatoma cells and the MH,C, cell line. However, glutathione transferase, that can use hydroxynonenal as a substrate, is strongly decreased in Yoshida hepatoma cells but not in MH,C, cells.
INTRODUCTION
It has been shown in previous papers (7, 10, 21) that lipid peroxidation is low in high-deviation hepatomas, whereas it is practically normal in two lowdeviation hepatomas, such as the solid Moms 44 tumor and the MH,C, cells, originally derived from the minimal deviation 7795 Moms hepatoma.
In this laboratory, the study of the behavior of lipid peroxidation during chemical carcinogenesis has shown, that DL-ethionine-induced hepatoma, characterized by high deviation, had low peroxidation, with the decrease starting already at the level of preneoplastic nodules (1 5), whereas a DEN-induced hepatoma, characterized by relatively lower deviation, displayed practicaIly normal pcroxida-tion values. Preliminary experiments, however, have shown that in this case stimulation of peroxidation by either ascorbate or ADP-iron is strongly decreased, as in high-deviation tumors (7) . These results were obtained essentially by measuring lipid peroxidation by the so-called TBA-test (3). This test determines the amount of substances being able to react with thiobarbituric acid (TBA) found in the incubation fluid after a certain period of time. It is now known, however, that the TBA-test mostly measures malonyldialdehyde (MDA), a substance that represents in the case of normal liver only 40 to 50 percent of the produced carbonyls. MDA accounts for about 95 pcrccnt of TBA-reactivity (1 1, 20) .
During lipid peroxidation, however, other aldehydes not reacting or poorly reacting with TBA-test are produced. Among them, the 4-hydroxyalkenal series includes 4-hydroxynonenal, which is proba-bly the most toxic product of lipid peroxidation (2), and is practically non-reactive.
As deep changes in fatty acid composition of lipid occur in hepatoma (12, 22, 23) , as well as in preneoplastic nodules (1 5), the possibility arises that the decrease in TBA-rcactivity by tumor homogenates is only indicative of a difference in products of lipid peroxidation, as related to the changes in peroxidation substrates. Moreover, it is known that aldehydes produced are actively removed from the incubation medium (20) . Thus, there is the possibility that the low TBA-test values are not related to an actual decrease in aldehyde production, but that these are related to an increased rate of their removal from the medium. In previous experiments on the ascites AH-130 high-deviation hepatoma (4, 8), we found that the activity of aldehyde dchydrogenase is clearly dccrcased in microsomal and mitochondrial membranes. In a 2-acetylaminofluorene-induced hepatoma, on the contrary, Harvey and Lindahl (18) described a net increase in a peculiar isoenzyme which may attack aldehydes within the cells.
For this reason, we decided to consider this problem, I) by expanding our investigation to the whole aldehyde pattern, as studied after HPLC separation according to Estcrbaucr et a1 (1 I), and to Poli et a1 (20) , and 11) by determining the activities of several enzymes attacking aldehydes, such as aldehyde dehydrogcnase, NADH-dependent alcohol dehydrogenase, NADPH-dependent aldehyde reductase and glutathione-S-transferases. We especially considered the behavior of DEN-induced hepatoma, whose general features have been rcported elsewhere (1 0). Some experiments, however, have been done even with the high-deviation Yoshida AH-130 hcpatoma, as well as with MHlaC, cells. In the experiments on aldehyde catabolism, we especially considered the AH-130 Yoshida hepatoma, but some preliminary results were also obtained with MH,C, cells.
METHODS
Male Wistar rats, weighing 100-120 g at the beginning of the.experimcnts, were used. The DENcarcinogenesis model was that described by Soh et a1 (24) .
Aldehyde Accirt~iitlatiott. Homogenates were prepared from preneoplastic nodules or from hepatomas as described previously (10, 14) . Homogenates were diluted to 4% (w:v) with 0.1 hi KCl containing 0.033 hi Tris-HC1 buffer, pH 7.4, and then incubated for 60 min at 37°C in a shaking water bath (100 strokedmin). The reaction system contained 0.6 ml homogenate, 500 p h i ascorbic acid or 250 phi ADP-Fez+ complex, Tns-KCI to a final volume of 6 ml.
In the case of ADP-iron treatment, a NADPH generating system, formed by 4.1 mhi glucose-6-phosphate, 0.19 U/ml glucose-6-phosphate dehydrogenase (Sigma) and 0.164 mhi NADP, was also added. Control mixture contained only Tris-KC1. Ascorbate and ADP-iron. were omitted when the basal aldehyde accumulation was studied. The reaction was started by the addition of homogenate. At the end of the incubation, a 1 ml aliquot was taken for TBA-test according to Bernheim et a1 (3). The remaining 5 ml were processed for the scparation and characterization of the total non polar and medium polar carbonyl pattern, as described by Esterbauer et a1 (1 1) and by Poli et a1 (20) .
Protein was determined by the method of Hartrce Aldehyde Calabolistu. This was studied in the high-deviation AH-130 ascites Yoshida hepatoma. Some experiments, however, were done with the low-deviation MH,CI cells. The disappearance of 4-hydroxynonenal (HNE), added to suspensions of liver cells, MH,C, and Yoshida cells, was monitored by the method reported by Poli et al (20) .
In this study, we considered four important cnzymcs in the aldehyde metabolism: aldehyde dehydrogenase (E.C. 1.2.14, alcohol dehydrogenasc (E.C. 1.1.1. l), aldehyde rcductasc (E.C. 1.1.1.2) and glutathione-S-transferases (E.C. 2.5.1.18). The last enzymes have been recently found to use 4-hydroxy-2,3-nonenal (HNE) as substrate (1) .
Aldehyde dehydrogenase activities were measured both in homogenate and in cytosol with the following aldehydes as substrates: acetaldehyde (ACA), HNE and benzaldehyde (BA). The other enzymatic activities were measured only in the cytosol. HNE was chosen since it is the most toxic aldehyde produced during lipid peroxidation so far known (3, 6, 9); HNE toxicity being much higher in tumor than in normal cells (6, 9) . Benzaldehyde was used as it has been shown to be able to inhibit selectively the growth of SV 40 transformed cells, without any significant effect on the growth of normal cells (1 9).
Male Wistar rats, weighing 200-250 g, were used as a source of normal liver or recipients of transplanted Yoshida. The hepatocyte isolation was performed as described elsewhere (1 3). Hepatocytes were then suspended in a volume of a medium containing 250 mhi sucrose, 20 mhi Tris-HC1 buffer (pH 7.4), 1 mhi EGTA to a final 40% (w:v). Six-or sevenday-old hepatoma cells were separated from the ascitic fluid by low-speed centrifugation and suspended as described for hepatocytes; MH,C, cells were suspended in the same way. The homogenatcs of both hepatocytes and hepatoma cells were prepared with a polytron apparatus (Kinematica, GMBH, (17) . Luzern, Schweiz). The homogcnates were diluted to 20% with the isolation medium. The cytosolic fraction was obtained by centrifugation at 6 x lo6 gmin. The activity of aldehyde dehydrogenases was measured as previously reported (4, 8). The assay mixture (1 ml) for the measurement of alcohol dehydrogenase and aldehyde reductase activities contained: 0.1 mM NADH or NADPH, 200 mhi K-phosphate (pH 7.0), 0.1 mhi aldehyde and an appropriate amount of the enzyme. The activity of glutathione-S-transferases was measured according to Alin et al (1) . All enzymatic assays were camed out at 30°C. Proteins werc determined by a biuret procedure (1 6).
Gamma-glutamylcysteine synthetasc and glutathione synthetase, the two basic enzymes for glutathione synthesis, were measured in the cytosol according to Wirth and Thorgeirsson (25), by using AH-130 Yoshida hepatoma cells, with normal and regenerating liver as controls. Regenerating liver was taken from rats 12, 24 or 48 hours after a partial (two-thirds) hepatectomy.
RESULTS
Aldehyde accumulation by 60 min incubation of homogenates from normal liver or from preneoplastic nodules (3-5 months after the administration of DEN), or from hepatomas (6-7 months after DEN) is shown in Table I . It is clear from these results that in basal conditions there is no difference in MDA accumulation in the three preparations. No difference was found even for the unpolar and medium polar carbonyls, as well as for both hexanal and HNE accumulation.
Generally, there was no clear difference in relation to the class of 4-hydroxyalkenals (Fraction I), of the osazones (Fraction 11), of alkanals and alkenals (Fraction 111) ( Fig. 1) . With AH-130 hepatoma cells, however, there was a striking decrease in the basal accumulation of MDA, as well as of the other aldehydesas isolated by HPLC ( Figs. 2 and 3) . MH,C, cells displayed, on the contrary, a practically normal pattern ( Figs. 2 and 3) . Addition of500 phi ascorbate produced a strong stimulation of MDA accumulation in the case of normal liver, whereas the stimulation was significantly lower in the case of the hepatoma and not significant in the nodules (Table  I) . As far as the total unpolar and medium polar carbonyls, there was a strong increase again in the case of normal liver, whereas the differences were not significant in nodules and in hepatoma. Even hexanal and HNE accumulation was not stimulated by ascorbate in both nodules and hepatoma ( Table   1 )-ADP-iron addition produced a 10 times stimulation of MDA and a 5 times stimulation of total unpolar and medium polar aldehydes in the case of normal liver, whereas the stimulation was lower in both nodules and hepatoma. In relation to hexanal and HNE production, its stimulation was strong (es- pecially for hexanal) in normal liver, and practically absent in both nodules and hepatoma (Table I) .
Aldehyde Cafabolisrn. In Fig. 4 is reported the HNE metabolism typically displayed by normal hepatocytes, MH,C, cells and Yoshida cells. Table I1 shows the results obtained with aldehyde dehydrogenase activity measurements, studied with ACA, HNE or BA as substrate, either with NAD or with NADP as cofactors. In rat liver the NAD-dependent activity is much higher than NADP-dependent activity, both in cytosol and homogenate, with all substrates used. In the case of AH-130 hepatoma cells, NAD-dependent activity, in the homogenate and in the cytosol, is similar or higher than in the normal hepatocytes. Preliminary data with MH,C, cells showed no difference from normal liver. . 2. 
-TypicaI HPLC separation of zone I carbonyls (hydroxyalkenals) recovered in basal conditions (i.e., endogenous, not stimulated, lipid peroxidation) in intact hepatocytes, MH,C, cells, AH-I 30 Yoshida cells. The different types of cells were compared by using aliquots containing similar amount of total proteins.
pendent alcohol dehydrogenase and of the NADPHdependent aldehyde reductase. In the case of the hepatocytes, BA appeared to bc a better substrate than ACA or HNE for NADH-alcohol dehydrogenase. BA was a better substrate than ACA, but not than HNE, also for NADPH-aldehyde reductase. With AH-130 hepatoma cells and MH,C, cells the aldehyde removal by alcohol dehydrogenase was extremely low. The activity of aldehyde reductase decreased in the AH-130 hepatoma cells and MH,C, cells with respect to the hepatocytes. Table IV shows that glutathione-S-transferase is extremely low in AH-1 30 hepatoma, whereas it is almost normal in MH,C, cells, confirming a previous preliminary report (10). In any case, it seems very difficult that this enzyme may be able to remove important amounts of aldehydes both in normal liver and in hepatoma intact cells. In fact, the glutathione amount present in both the normal and hepatoma cells does not fit with the high glutathione requirements of glutathione-S-transferases. Moreover, in hepatomas there is a very high increase of the activity of gamma-glutamyl-transpeptidase determining a preferential use of glutathione via this pathway. A compensation to this higher use might be an increase in glutathione synthesis in neoplastic cells. Data reported in Table V related to AH-130 hepatoma cells, show that this is not the case. Both glutamylcysteine and glutathione synthetases were significantly lower in hepatoma than in normal cells, whereas only slight decrease was seen in 24 hours regenerating liver. Return to normal, in the last case, was seen after 48 hours.
DISCUSSION
It is clear from the results presented that the decrease in aldehyde accumulation in high deviation hepatomas does not regard only MDA, but also the other classes of carbonyls so far produced during lipid peroxidation. In the case of low-deviation tumors, where MDA accumulation is not apparently decreased, the other carbonyl products remain unchanged also.
The decline of aldehyde accumulation in high deviation tumors is not due to an increased removal of the aldehydes formed by NAD-or NADP-dependent aldehyde dehydrogcnases, by aldehyde reductase, by alcohol dehydrogenasc or by glutathione-S-transferases. The activities of all these enzymes, with the only exception of the NAD-dependent aldehyde dehydrogenase, are strongly decreased or completely absent in the high-deviation AH-130 hepatoma.
With regard to the poorly deviated MH,C, hepatoma cells, alcohol dehydrogenasc activity is very low or even absent, aldehyde reductase and total glutathione-S-transferases are decreased with com- parison to normal liver cells by 44.5 and 40.0 percent, respectively. On the other hand, NAD-depcndent aldehyde dchydrogcnase does not show significant reduction in activity as compared to control hepatocytes. The high efficiency demonstrated by MHIC, cells in HNE metabolism seems due to biochemical pathways quite different from those operating in hepatocytes. It would seem that the amount of aldehyde dehydrogenase, present in MH,C, cells, does not account for aldehyde removal. This consideration is supported by the low rate of HNE metabolism in AH-130 cells, which displays aldehyde dehydrogenase activity even higher than liver. On the basis of the actual availability of glutathione when the basal level is not reduced (lo), glutathione-S-transferases in MH,C, cells could explain only 20 to 30 percent of total HNE metabolism.
As far as the reductive pathway of aldehyde metabolism is concerned, preliminary experiments with normal and neoplastic liver cells have shown that anaerobiosis (such as conditions where aldehyde dehydrogenasc activity is prevented), and addition of 10 mhi pyrazole, a strong inhibitor of alcohol dehydrogenase, does not completely prevent HNE re- Thc values are expressed as nmoles of radiolabelled (UJ'C) glutamate incorporated into product per mg soluble protein per 60 min and represent the mean 5 SD of 6 experiments or the mean of 2 experiments. Thc cnzyme determinations of regenerating liver were camed out at 12,24 and 48 hr after the partial hepatectomy. p < 0.005 for hepatoma vs normal liver or regenerating liver vs normal liver.
' p < 0.05. moval from the incubation medium. Therefore, other pathways may exist in addition to the enzymes considered.
In hepatomas, like MH,C, or DEN-induced, despite an apparently normal aldehyde accumulation in basal conditions, the kinetics of lipid peroxidation seems different from that of normal cells. This is demonstrated by the lack of stimulation of lipid peroxide formation due to ascorbate or ADP-iron (data concerning MH,C, are not shown). The rcasons for this lack in stimulation are not completely clear. Ascorbate is known to mainly act by reducing the inhibitory Fe3+ ions to the stimulating Fe2+ ones, and thus the lack of ascorbate stimulation might be related to the presence of iron entirely in the reduced form in tumors.
This might be the result of their prevailing anaerobiotic metabolism. This mechanism, however, cannot be proven in the case of the lack of ADPiron stimulation, when Fe3+ is introduced in the system. An increased concentration in intracellular antioxidants might perhaps explain this phenomenon. Our previous observations were against a major antioxidant role played by glutathione, and this idea is now further supported by thc demonstrated decrease of glutathione synthesis in AH-1 30 hepatoma. According to Cheeseman et a1 (5) an important antioxidant activity might be exerted by vitamin E, which is strongly increased in the membranes of anaplastic low-peroxidizing hepatomas.
Further experiments, however, are necessary to have a clear understanding of this phenomenon in MH,CI as well as in other hepatoma cells at different degrees of differentiation.
